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USE OF CCD DETECTORS FOR SPECTROSCOPY AND SCATTERING EXPERIMENTS
Roy CLARKE
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The application of CCD detectors m X-ray synchrotron radiation experiments is described. Performance characteristics such as
high dynamic range, versatile readout and data storage modes, and time-resolved capabilities promise interesting possibilities for
future experiments on high-brilliance sources The operation of CCDs as high-resolution position-sensitive detectors, used in
conjunction with dispersive optics, is illustrated by recent results on near-edge reflectivity from multilayers and magnetic absorption
experiments with circularly polarized X-rays .
1. Introduction
The construction of high-brilliance synchrotron radi-
ation sources based on insertion devices will open up
exciting new areas of X-ray and UV research in the
conung decade . In order to exploit the unique character-
istics of such facilities, especially the low emittance and
the timing structure, it will be necessary to develop
detector systems with capabilities far superior to those
presently in use. With investment in new sources such as
the Advanced Light Source (Lawrence Berkeley Labora-
tory), Advanced Photon Source (Argonne National
Laboratory) and the European Synchrotron Radiation
Facility (Grenoble) running currently in excess of $10 9,
there is certainly an urgent case for a vigorous R&D
effort in detector technology.
The detectors envisioned for future synchrotron-
radiation applications will need to handle very large
fluxes (i.e., have large dynamic range), and, for many
experiments, fast readout will be required . This is par-
ticularly important for time-resolved studies, one of the
major frontiers of synchrotron radiation research [1] .
The latter requirements raise the additional question of
how to manage the formidable amounts of data that are
generated in such experiments . New detector develop-
ment therefore requires attention to all aspects of the
technology, from the front-end and readout electronics
to data evaluation and processing .
A third component of any synchrotron radiation
experiment, in addition to the source and the detector,
is the beamline optics . By optimizing monochromators,
mirrors and other optical elements to match the experi-
mental situation and the particular detection scheme,
new kinds of time-resolved experiments have been feasi-
ble on currently operating sources [2-4].
In this paper I will describe a developmental effort
to evaluate the potential of some solid-state electronic
detectors for synchrotron radiation applications . In an
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ongoing collaboration with Argonne National Labora-
tory, we have built and tested a prototype charge cou-
pled device (CCD) detector which has many of the
desirable characteristics one is looking for in a versatile
detector system [5,6] . In particular we have demon-
strated its usefulness as a high-resolution, two-dimen-
sional, position-sensitive detector for spectroscopic and
small-angle scattering studies. The performance of the
CCD detector and its potential for novel types of syn-
chrotron radiation experiments will be illustrated with
examples of recent results on the dispersive beamline at
LURE in Orsay, France.
2. CCD detector and readout scheme
The CCD used to the present detector is the Texas
Instruments (TI) 4849 chip [7] consisting of 584 rows of
pixels arranged in 390 columns. Each pixel is 22 .4 l.Lm
square with a full-well capacity of approximately 2 x 105
electrons. The CCD chip is cooled thermoelectrically to
-50'C to reduce thermal generation of electron-hole
pairs. Fig. 1 shows the CCD optically coupled to a
40-mm-diameter phosphor screen, the mode in which
most of our experiments have been performed to date.
The lens coupling shown here is relatively inefficient,
producing roughly one optical photon at the CCD chip
for every X-ray photon incident at the surface of the
phosphor . This type of front-end has obvious limita-
tions for flux-limited scattering experiments but can
actually be advantageous [6] for adsorption spec-
troscopy in terms of signal/noise.
2 1 . Virtual phase design
An interesting feature of the so-called " virtual phase"
CCD architecture [8] introduced by TI is its enhanced
resistance to radiation damage [9] . This offers the possi-
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Fig . I The CCD detector with optical coupling to a phosphor
screen . A. water cooled heat exchanger; B: copper base, C:
thermoelectric cooler ; D: CCD chip ; E: quartz window ; F- 50
mm f.2 camera lens ; G: Ins; H : 200 mm f4 camera lens ; I :
phosphor screen (Trimax 2, P43) and beryllium window, J :
thermocouple.
bility of operating the CCD under direct illumination
by X-rays ; a relatively deep inversion layer ( -- 12 [Lm)
in this design is well matched to X-rays in the energy
range of 5-7 keV. Operated in this manner, without the
phosphor screen/lens combination, each X-ray photon
produces typically several hundred electron-hole pairs .
Thus the detector gain is greatly enhanced at the ex-
pense of the dynamic range and, over the long term,
accumulation of radiation damage .
The overall chip structure is shown in fig. 2 . Charge
produced by photons incident on the front side of the
CCDis stored in potential wells created in the MOS-type
inversion layer under each gate electrode. Readout of
the chip is accomplished by transferring charge from
pixel to pixel using a series of clocking pulses. In most
CODs a three-level gate structure is employed whereas
the TI design uses a single phase m conjunction with
ion-implanted " virtual electrodes" to create the asym-
metric well structure . While radiation hardness is
claimed to be an advantage of the virtual phase design,


















Fig. 2. Schematic view of the electrode structure of the virtual-
phase CCD chip
the silicon lattice and subsequent degradation of the
charge transfer efficiency . Accordingly, some manufac-
turers are exploring the use of shallower implants in a
so-called multipinned phase design [10] . At present there
is a lot of activity in large-area [11] pixel arrays and the
technology is improving rapidly, although relatively lit-
tle attention is devoted to the X-ray region at present
2.2 CCD readout
During readout each row of stored charges is trans-
ferred to the serial register by means of the parallel
electrode. The charge from each pixel is then trans-
ferred sequentially by the serial clock to an on-chip
amplifier situated at the end of the serial register . Pixel-
to-pixel transfer takes approximately 6 l..s . It is this
combination of serial and parallel transfers that makes
the CCD interesting for time-resolved applications . For
example, if all pixels are masked except for the top row,
the chip can be used as a streak camera to record a
one-dimensional data set and to store hundreds of them
in the masked area of the chip . The parallel row-to-row
transfer time of - 50 ws offers a reasonably fast time
resolution .
A detailed account of the readout electronics has
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main components of the CAMAC-based detector elec-
tronics, consisting of programmable waveform genera-
tors, analog-to-digital converter (ADC), buffer memory,
clock synchronization modules, and local fast LSI-11-
based microprocessor control. Global control is handled
by a Microvax 11 computer . All functions of the detec-
tor controls, readout, image display, and processing, are
fully programmable ; a diagnostic code has been in-
cluded to isolate faults .
A series of standard performance tests [12] have
been carried out on the CCD detector in order to
determine its responsivity to both X-rays (6-12 keV)
Table 1










Sensitivity (with phosphor screen
and lens coupling)
Spatial resolution
ADC resolution (12 bits)
Maximum dynamic range (to saturation)
Readout time
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Fig. 4 . (a) Detector linearity using optical illumination up to 45% of saturation. (b) Shows a blow-up of the linearity at low levels of
illumination ( < 5% of saturation). The horizontal axis refers to the exposure time .
and optical photons [5,6]. Fig. 4 shows the results of a
linearity test indicating better than 0.5% linearity over
the typical operating range. Additional tests [6] show
excellent uniformity (± I%), spatial resolution (2 pixels)
and noise characteristics ( < 20 e-/pixel). The operating
characteristics are summarized in table 1 .
3 1. Use as a position-sensitive detector
The performance of the CCD system as a position-
sensitive detector was evaluated on the DCI storage ring
at LURE . Measurements were performed on a disper-
stve beamline in collaboration with Fontaine's group.
Fig. 5 shows the experimental layout [13] with white
bending-magnet radiation incident on a triangular
Si(311) bent crystal which provided an energy-dispersed
beam of bandwidth = 500 eV . The sample is placed at
the polychromatic focus point with the detector located
on the Rowland circle .
One axis of the CCD (parallel to the pixel rows) is
oriented accurately along the energy fan of the bent
crystal so that the positional co-ordinate along this axis
corresponds to a particular energy. In the perpendicular
Fig. 5 Schematic X-ray optics for energy-dispersive measure-
ments using aCCD detector .





R Clarke / Use of CCD detectors for spectroscopy
Fig. 6 . Two-dimensional CCD readout of Pt/C multilayer
glancing-angle reflectivity . A part of the direct beam that
misses the sample strikes the detector . The integration time for
this data was 100 ms .
direction, the detector registers the scattering angle
(momentum transfer) . In this way the detector can
record spectroscopic data and scattering information
simultaneously. An example of the readout from the
CCD chip in such an experiment is shown in fig . 6. The
energy resolution obtained in this way is - 2 eV and
the wave-vector resolution, 1 .5 X 10-3 f1-T . The specu-
larly reflected beam from the surface of the Pt/C
multilayer sample clearly shows the L. . . absorption
edge of Pt at 11.564 keV. Note that the data collection
time is very short (100 ms) compared to conventional
scanning techniques .
Reflectivity data extracted from this technique are
plotted in fig. 7 for the Pt/C multilayer close to its
Fig. 7 . Glancing-angle reflectivity curve for a Pt/C multilayer
measured at 11 .56 keV using the CCD detector .
critical angle. The fine structure on this curve, such as
the dip at a glancing angle of - 4 mrad is due to
dynamical interference effects at the interface between
the top Pt layer and the underlying carbon layer [14] .
3.2. Circular dtchrotsm
A second illustration of the power of position-sensi-
tive detection coupled with dispersive optics is its recent
application to the study of magnetic materials . Fig. 8
shows an energy dispersive arrangement similar to that
to fig . 5 except that photons from just beneath the plane
of the storage ring are selected ; these have - 80%
circular polarization . The circularly polarized beam
passes through the sample placed between the poles of
an electromagnet which can switch the magnetization
axis through 180 ° . The idea of this type of experiment
is that there is a small difference between the near-edge
absorption spectrum of the material when the spins of
the magnetic d-electrons are parallel or antiparallel to
the photoelectron polarization [15-17] :
~' 14K
-
I MlJEJ 1 2Pe Op ( E),
	
(1)
where Pe is the photoelectron polarization (- 10-2),
MI, is the photon transition matrix element, and Op =
p T T - p T ,I is the difference to spin density between
the majority and minority bands.
Magnetic absorption measurements such as those
performed by Schütz et al . [17] at HASYLAB, using
standard scanning monochromator methods, provide
information about the spin density distribution of unoc-
cupied states near the Fermi level . The information is
somewhat complementary to spin-polarized XPS which
normally probes the occupied states . Some of our pre-
liminary measurements [18] (using dispersive optics and
a one-dimensional diode array) are shown in fig. 9. The
data in fig . 9b refer to a superlattice of Co and Au
grown by MBE with alternating layers of 10-P+ Co and
16-Á Au [19] . The very thin layers of Co exhibit an easy
axis of magnetization normal to plane of the film, i .e.,
parallel to the circularly polarized X-ray beam . Interest-
ingly, the near-edge magnetic absorption spectrum of
the superlattice appears to be enhanced relative to the
bulk .
POSITION Si (311)
SENSITIVE ELECTROMAGNET BENT CRYSTAL
DETECTOR
Fig . 8 Experimental arrangement for dispersive magnetic ab
sorption measurements . The axis of the electromagnet is 4 mm
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Here the advantage of the curved-crystal dispersive
technique over a scanning monochromator is that the
whole spectrum is collected simultaneously ; alternate
spectra with the magnetic field parallel and antiparallel
to the X-ray beam are subtracted to obtain A,u . This
method is very efficient ; even so, the magnetic effect is
quite weak and up to 2 h were required to obtain
absorption spectra such as those shown in fig . 9. One
problem is that the intensity falls off dramatically below
the plane of the ring ; the circularly polarized beam is
only - 10°70 of the linearly polarized beam intensity in
the orbital plane. Helical undulators being constructed
for ESRF and APS will be very advantageous in this
regard .
In this experiment only one polarization is recorded .
With a two-dimensional CCD as a detector, the spectra
for left and right circular polarizations could be re-
corded simultaneously, thus avoiding the use of a
switching field and making more efficient use of the
beam . An extension of this work includes the possibility
to carry out magnetic EXAFS in which the magnetic
short range order can be probed [20] . This would be
particularly useful as a means to study the relationship
between interface structure and magnetic anisotropy in
ultrathin magnetic multilayers .
The development of fast high-resolution pixel-array
detectors such as CCDs opens up a wide range of
interesting new experimental techniques . While im-
portant hurdles still need to be overcome in their appli-
cations with high-brilliance X-ray sources, we have













Fig. 9 . Magnetic contribution of the near-edge absorption spectrum . The zero of the energy scale corresponds to the K-edge of Co at
7 709 keV (a) Cobalt foil ; (b) Superlathce sample [l8] .
actenstics for this type of detector. The design of the
X-ray optics for the particular experiment will need to
be considered carefully in conjunction with the detector
system in order to exploit the capabilities of new high-
brightness sources.
The work described in this article is the result of a
collaboration with E. Dartyge and A. Fontaine at
LURE, R. Smither at Argonne, and F. Lamelas and B.
Rodricks at University of Michigan; it is a pleasure to
acknowledge the hospitality of LURE staff during the
course of these experiments . The work was supported in
part by NSF Grant DMR 8805156.
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